Fluorescence Recovery After Photobleaching (FRAP) and Fluorescence Loss In Photobleaching (FLIP) enable the study of protein dynamics in living cells with good spatial and temporal resolution. Here we describe how to perform FRAP and FLIP assays of chromatin proteins, including H1 and HP1, in mouse embryonic stem (ES) cells. In a FRAP experiment, cells are transfected, either transiently or stably, with a protein of interest fused with the green fluorescent protein (GFP) or derivatives thereof (YFP, CFP, Cherry, etc.). In the transfected, fluorescing cells, an intense focused laser beam bleaches a relatively small region of interest (ROI). The laser wavelength is selected according to the fluorescent protein used for fusion. The laser light irreversibly bleaches the fluorescent signal of molecules in the ROI and, immediately following bleaching, the recovery of the fluorescent signal in the bleached area -mediated by the replacement of the bleached molecules with the unbleached molecules -is monitored using time lapse imaging. The generated fluorescence recovery curves provide information on the protein's mobility. If the fluorescent molecules are immobile, no fluorescence recovery will be observed. In a complementary approach, Fluorescence Loss in Photobleaching (FLIP), the laser beam bleaches the same spot repeatedly and the signal intensity is measured elsewhere in the fluorescing cell. FLIP experiments therefore measure signal decay rather than fluorescence recovery and are useful to determine protein mobility as well as protein shuttling between cellular compartments. Transient binding is a common property of chromatin-associated proteins. Although the major fraction of each chromatin protein is bound to chromatin at any given moment at steady state, the binding is transient and most chromatin proteins have a high turnover on chromatin, with a residence time in the order of seconds. These properties are crucial for generating high plasticity in genome expression 1 . Photobleaching experiments are therefore particularly useful to determine chromatin plasticity using GFP-fusion versions of chromatin structural proteins, especially in ES cells, where the dynamic exchange of chromatin proteins (including heterochromatin protein 1 (HP1), linker histone H1 and core histones) is higher than in differentiated cells 2,3 . 3. Aspirate DMEM. 4. Seed each MEF coated well with 15,000 R1 cells/well in 250 μl total volume of ES cell media [supplemented with 10% ESC-grade fetal bovine serum (FBS), 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.1 mM β-mercaptoethanol, and 1000 U/ml leukemia inhibitory factor (LIF)], to obtain 30% to 50% confluence the following day.
1. The experiment can be performed on any confocal laser scanning microscope (CLSM) but since in a normal FRAP/FLIP experiment, many consecutive images are acquired, it is recommended to use a spinning-disk confocal microscope, which enables acquisition speed and ensures that no undesired sample bleaching will occur following the initial intentional bleaching event. Here, we recommend using the Revolution spinning disk confocal system (www.Andor.com), with the Yokogawa CSU-X spinning disk head. This system has the dual capacity to photobleach using a specialized FRAPPA module with a point scanning system, and to rapidly switch the light back to collect images using the spinning disk. The 3 most common fluorescing proteins used for photobleaching experiments are GFP, YFP and Cherry. If GFP or YFP are used, a~488 nm laser is required. For Cherry, use a~560 nm laser. In all cases, we recommend using solid state lasers.
Having an automated stage is useful but not required. Since live cells are imaged, it is essential to use an environmental chamber (we use one from LIS, Switzerland), controlling oxygen, humidity, CO2 and temperature. FRAP is performed using maximum laser intensity while imaging is done with the minimal laser power required (usually in the area of 10%, when fluorescence level is adequate).
Observe the cells with fluorescent light of the appropriate wavelength and select a cell expressing GFP using a 60X oil immersion lens.
Ensure correct subcellular distribution. Occasionally, when expression levels are too high, the protein's localization may 'spill' to other compartments such as the nucleolus. Such cells should not be selected.
2. Now set an imaging protocol: collect 3-5 frames before the photobleaching, then photobleach at euchromatin or heterochromatin (viewed as condensed GFP foci) and collect 90-120 frames after the photobleach, with 250-1000 ms intervals: H1e-GFP, 1000 ms, H1o and HP1-GFP, 250 ms (interval time changes according to the protein dynamics, where highly dynamic proteins require shorter interval time). We normally use 80-100% laser intensity for photobleaching with a laser pulse of 20-40 μseconds (1-2 iterations), but these numbers can change according to the analyzed protein and the expression levels. When photobleaching is appropriate, you should observe a "black hole" in your GFP fluorescence. The black hole is gradually re-filled with fluorescence following recovery. Although the spinning disk can obtain up to around 60 images per second (with good fluorescence intensity and when zooming in on a single cell), we do not recommend using the system at such high speeds due to low image quality and potential increased phototoxicity.
3. For a FLIP experiment, set up a different imaging protocol: collect 3-5 frames before bleaching, then start repeated bleaching on the same spot while collecting images. For H1e-GFP, bleach every 5 sec, for H1o-GFP, bleach every 2 sec, and for HP1-GFP bleach every 1 sec.
Bleach and collect images repeatedly throughout the entire experiment.
4. For either technique, repeat the process on 20-30 cells. For statistical purposes, repeat experiment 3 times or more, preferably on different days. In homogenous populations and correct settings, standard deviation is usually low (< 5%).
For both FRAP and FLIP, the size and shape of the bleached region influences the recovery dynamics and must remain constant within an experiment. Also, when two cells are compared, identical protocols must be used and the cells must be analyzed sequentially on the same day as power laser and other conditions may fluctuate and may affect the outcome of the experiment.
1. In all FRAP frames collected, measure the fluorescence intensity in the ROI (ROIb = bleached area), the background area (ROIbg), and the non-bleached nuclear area (ROInb) as a function of time before and after bleaching. When the bleached region is negligible the entire nucleus can be selected for normalization purposes. Following data collection, it is possible to fit the experimental data to computer simulation. This allows calculating, with a good proximity, the mobile fraction, the immobile fraction and the half-maximum. We will not discuss the mathematical and statistical aspects of FRAP analyses here and refer the reader to other excellent publications [4] [5] [6] [7] [8] [9] . The bleach depth refers to the distance (on the y-axis) between the pre-bleach (100%) signal and the first image after bleach; the mobile fraction refers to the distance (on the y-axis) between the bleach depth and the recovered signal when the kinetics reaches a plateau, and the immobile fraction refers to the distance (on the y-axis) between the recovered signal and the pre-bleach (100%) signal (see Figures 1B and 2B ). Beyond this analysis, there are good mathematical models to fit the data.
For a single exponent, the equation where t is time, A is the mobile fraction, 1-A is the immobile fraction and koff is the dissociation constant, can be used to fit the data, and a direct estimate of the off rate of binding (koff) can be obtained, as well as for the parameter A, which can be used to calculate the association rate. Figure  1A shows the raw data of a single cell before any normalization and calculation. The yellow curve corresponds to the bleached region, the purple curve corresponds to the non-bleached nuclear area (when the bleached region is negligible the entire nucleus can be selected for normalization purposes), and the red line corresponds to the background fluorescence, which is minimal in this case. Vertical arrow represents the bleach time. Normalized and averaged data is shown in Figure 1B . Note the slower recovery of H1 (blue) compared with HP1 (red). Also the H1e variant (dark blue) is slower than the H1o variant (light blue). Mobile and immobile fractions and Bleach Depth are indicated for HP1. Figure 3A (raw, un-normalized data) and B (normalized and averaged data). In this experiment the purple curve corresponds to the non-bleached nuclear area, the green line corresponds to a neighboring cell nucleus and the red line corresponds to the background fluorescence.
Figure 1. A and B show representative FRAP curves of HP1 (left), H1o (middle) and H1e (right) in R1 ES cells. For simplicity and clarity

Figure 3.. A typical FLIP experiment of H1o R1 ES cells is shown in
Discussion
Unlike most available techniques, which involve purified chromatin from cell populations or fixed cells, FRAP experiments follow changes in chromatin protein dynamics in living cells. We found chromatin protein dynamics to be a good indicator for chromatin plasticity. However, because it requires fusing the gene of interest with GFP, the addition of the fluorescent tag can interfere with the protein's function. Thus, prior to proceeding with FRAP, the fusion protein must be rigorously tested to ensure it has the same properties and function as its native counterpart. The gold standard would be to complement the endogenous protein's function with the GFP-fusion in a knockout cell line. However, knockout cell lines are not always available and in many cases the protein's absence does not have a clear phenotype. Nevertheless, one can test the fusion protein's subcellular distribution, its expression level, its binding partners, all compared with the endogenous protein to ensure proper partial replacement.
Once verified, the GFP fusion protein must be transfected into ES cells. We found that TransIT works well with ES cells and achieves transfection efficiencies of over 50%. Transient transfection is convenient as it allows proceeding with the experiment directly, but stable transfection is often superior, ensuring long-term survival of the cells in the presence of the fusion protein of interest, and resulting in lower and a homogenous expression level. Additional methods of labeling proteins with GFP tags include GFP gene tagging in BACs using combineering 10 or GFP-trapping endogenous genes directly with GFP/YFP exons 11, 12 . These methods are preferable, as the fusion protein is driven by an endogenous promoter, but not always available. Transfection of BACs into ES cells is possible using standard transfection methods. Finally, ES cells from transgenic mice expressing the tagged chromatin protein can also be used. Although more cumbersome, this method allows the usage of early passage cells, unlike stably transfected cells, which require long term culturing to achieve pure selection of stable integration.
Once the protein of interest has been selected, fused with GFP, verified and transfected into ES cells, there are several essential conditions that must be fulfilled for a successful FRAP experiment: first, the fluorescent signal to be bleached must be clearly detectable over any background signal; second, the photobleaching must be fast relative to the period of recovery to provide sufficient temporal resolution for analysis of the recovery curve and to allow measurement of the half-time of recovery. Therefore, the laser used for bleaching should be powerful enough to allow this; third, the monitoring beam must be of low intensity to minimize photobleaching. A spinning disk confocal microscope, equipped with photobleaching capabilities (such as Andor Revolution system), is therefore ideal for this purpose. Finally, an environmental chamber keeping the cells at the proper growth conditions must be installed on the microscope to ensure proper cell homeostasis.
slower (as seen in Figure 2 ). The slower recovery in heterochromatin likely reflects a higher concentration of binding sites for H1 and HP1 as well as molecular crowding.
To sum, photobleaching experiments provide means to study chromatin protein dynamics in living cells, reflecting chromatin plasticity, which is exaggerated in pluripotent cells.
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